Soil acidity and low natural fertility are the main problems for grain production in Brazilian 'cerrado'. Although lime has been the most applied source for soil correction, silicate may be an alternative material due to its lower solubility and Si supply, which is beneficial to several crops. This work aimed to evaluate the efficiency of superficial liming and calcium/magnesium silicate application on soil chemical attributes, plant nutrition, yield components and final yield of a soybean/white oat/maize/bean rotation under no-tillage system in a drywinter region. The experiment was conducted under no tillage system in a deep acid clayey Rhodic Hapludox, Botucatu-SP, Brazil. The design was the completely randomized block with sixteen replications. Treatments consisted of two sources for soil acidity correction (dolomitic lime: ECC =90%, CaO=36% and MgO=12%; calcium/magnesium silicate: ECC =80%, CaO= 34%, MgO=10% and SiO 2 =22%) applied in October 2006 to raise base saturation up to 70% and a control, with no soil correction. Soybean and white oat were sown in 2006/2007 as the main crop and off-season, respectively. Maize and bean were cropped in the next year (2007/2008). Products from silicate dissociation reach deeper soil layers after 18 months from the application, compared to liming. Additionally, silicate is more efficient than lime to increasing phosphorus availability and reducing toxic aluminum. Such benefits in soil chemical attributes were only evidenced during bean cropping, when grain yield was higher after silicate application comparatively to liming. Both correction sources were improved mineral nutrition of all the other crops, mainly Ca and Mg levels and agronomical characteristics, reflecting in higher yield.
Introduction
No tillage currently represents 55% of the management system applied for grain production in Brazil, which corresponds to 25.5 million ha. Main principles of this production system include no soil mobilization, permanent soil coverage and crop rotation, which contributes to increase residues, decrease pests and diseases and improve input efficiency (Coutinho et al., 2010) .
Soil acidity is one of the most yield-limiting factors for crop production. Land area affected by acidity is estimated at 4 billion ha, representing 30% of the total ice-free land area of the world (Sumner and Noble, 2003) . Considering that about 70% of all agricultural lands in Brazil consist of acid soils, crop yield may be decreased by Al and Mn toxicity as well as low exchangeable base availability (Soratto and Crusciol, 2008a) . Therefore, soil acidity correction is essential for appropriate crop development. Fageria and Zimmermann (1998) reported that the ideal pH for soybean, bean, maize and wheat growth is around 6.0, which emphasizes the importance of correcting acid soils.
Lime is the most applied source for acidity correction in Brazil due to its price and capacity to increase fertilizer efficiency. Nevertheless, lime is not a very soluble material and its dissociated components show limited mobility, usually restricting correction effects in uppermost soil layers, mainly under non-mobilized conditions of no tillage (Soratto and Crusciol, 2008b) .
However, other materials may be applied for acidity correction, as long as the product is constituted by neutralizing components such as calcium and/or magnesium oxides, hydroxides, carbonates and silicates. Calcium and magnesium silicates are similar to carbonates in composition; so, those sources can potentially replace lime even more advantageously (Carvalho-Pupatto et al., 2004; Ramos et al., 2006) . Recommendation for silicate application can be based on any methods of lime requirement (Korndörfer et al., 1999) .
According to Alcarde and Rodella (2003) , calcium silicate is 6.78 times more soluble than lime, being a good option for superficial application in no tillage system (Carvalho-Pupatto et al., 2004) . Some advantages of silicate include higher reaction rate and mobility down to deeper soil layers. Also, silicon, which is a beneficial element, is supplied in soil. Si deposition decreases water losses through evapotranspiration (Ma and Yamaji, 2006) , increases tolerance to pests (Goussain et al., 2002) and diseases (Berni and Prabhu, 2003) , heavy metals and toxic aluminum (Prabagar et al., 2011) and lodging. Plants become more erect and photosynthetic efficiency is improved (Pulz et al., 2008) .
Si supply may improve crop yield stability as a consequence of biotic and abiotic stress tolerance such as water deficit, once almost all grain-producing regions in Brazil are liable to drought, mainly in 'cerrado'. Compared to lime, there are fewer studies on superficial application of silicate as an acidity correction source for grain production in no-till. Field research on slag application, which contains appropriate levels of calcium silicate as neutralizing component, indicate this source can be more efficient than other materials (limestone, aqueous lime and sewage sludge) for correction of deeper soil layers due to their higher solubility (Corrêa et al., 2007 (Corrêa et al., , 2008 .
This work aimed to evaluate the efficiency of superficial liming and silicate application on soil chemical attributes, plant nutrition, yield components and final yield of a soybean/white oat/maize/bean rotation under no-tillage system in a dry-winter region. Before the experiment was installed, chemical attributes were determined (0-20 cm) according to Raij et al. (2001) . Results were: organic matter: 18.25 g dm ; pH (CaCl 2 ): 4.2; P (resin): 3.62 mg dm Ca, Mg and CEC: 0.76, 11.62, , respectively; and base saturation: 24.2%.
Material and methods
The experimental design was the completely randomized block with sixteen replications. Treatments (5.4 × 10-m plots) consisted of two sources for soil acidity correction (dolomitic lime: ECC = 90%, CaO = 36% and MgO = 12%; calcium/magnesium silicate: ECC = 80%, CaO = 34%, MgO = 10% and SiO 2 = 22%) and a control, with no soil correction.
Rates were calculated to raise base saturation up to 70%. In October 2006, 3.8 Mg ha − 1 of dolomitic lime and 4.1 Mg ha of 04-20-20 NPK formula, according to Raij et al. (1997) . Soybean full flowering took place 45 days after seedling emergence. At that stage, 10 plants were sampled for dry matter evaluation. Also, the 3rd leaf with the petiole from 30 plants was sampled per plot (Raij et al., 1997) Full flowering of maize plants occurred 64 days after seedling emergence. At that stage, 10 plants per plot were sampled for dry matter evaluation. Also, the central third part of 30 leaves was sampled at ear base (Raij et al., 1997) for macronutrient (N, P, K, Ca, Mg and S) and Si diagnosis. Harvest took place on April 1st 2008 and sampling was carried out to evaluate yield components (plant population, ear index, number of grains per ear and mass of 100 grains) and final yield (13% moisture content).
On April 5th 2008, bean (Phaseolus vulgaris L.) cultivar 'Pérola' was sown at 0.45-m row spacing and density of 18 seeds per m 2 . Although base fertilization was not carried out, 40 kg ha −1 of N as urea was applied 20 days after seedling emergence. Full flowering of plants took place 47 days after sowing. At that stage, 10 plants were sampled for dry matter evaluation. Also, the 3rd leaf with the petiole from 30 plants was sampled per plot (Raij et al., 1997) for macronutrient (N, P, K, Ca, Mg and S) and Si diagnosis. Plants were harvested on June 29th 2008 and yield components (plant population, number of pods per plant, number of grains per pod and mass of 100 grains) and final yield (13% moisture content) were evaluated. Phytosanitary measures were taken based on recommendations and requirements for each crop. Efficiency use of fertilizers was calculated for each treatment by dividing the sum of soybean, white oat, maize and bean yields by the total amount of fertilizers applied in all crops.
Biomass sampled at full flowering was dried in oven at 65°C until constant weight. Afterwards, leaves were grounded and chemically evaluated as for macronutrient (N, P, K, Ca, Mg and S) and Si levels, according to Malavolta et al. (1997) and Korndörfer et al. (1999) Six simple samples were taken at random from the useful area of each plot and between rows of the previous crop to form a composite sample. Those were dried, sieved (2-mm sieves) and analyzed according to Raij et al. (2001) and Korndörfer et al. (1999) .
Data was submitted to variance analysis by the F test (p b 0.05) and means were compared by the t test (LSD) (p b 0.05).
Results and discussion
According to effects had only influenced pH down to 0.05 m, while silicate increased pH at 0.10-0.20-m depth. Effects of soil correction after 18 months were observed down to 0.40 and 0.20 m after silicate and lime application, respectively. Corrêa et al. (2007) found that pH was increased by slag application down to 0.40 m after 15 months, whereas liming effects were confined down to 0.10 m. Hydroxyl concentration is increased and H + concentration in soil solution is decreased by the application of materials for acidity correction, consequently increasing soil pH (Oliveira and Pavan, 1996) . Liming recommendations take into account full incorporation of correction sources in soil to maximizing their beneficial effects. Many studies about no-till have shown that superficial liming effects on correction of subsuperficial soil layers depend on product dose and textural properties, application method, soil type, climate (especially rainfall), tillage system and time after the application (Oliveira and Pavan, 1996; Rheinheimer et al., 2000; Soratto and Crusciol, 2008a,b) . Due to all those factors, correction efficiency is variable, particularly whenever applied for subsuperficial correction.
Compared to lime, silicate is more efficient in correcting acidity down the profile due to its higher solubility (Alcarde and Rodella, 2003) . As silicate reaction is faster in uppermost soil layers, an alkalinization front is formed to correct acidity of deeper layers in a shorter period of time.
Soil organic matter ( Fig. 1) was only affected by the application of correction sources after 12 months. Both materials increased organic matter levels down to 0.05 m possibly due to higher dry matter production by soybean and white oat (Tables 1 and 2 ). Liming and silicate application increased residue supply on soil surface and, probably, root production. However, treatments did not influence dry matter after 18 months. It is possible that higher pH had also increased microbial activity and improved organic matter mineralization (Fuentes et al., 2006) . After 6 and 12 months from their application, both sources decreased H + and Al levels down to 0.20 m (Fig. 1) , although silicate had been more efficient from 0.10 to 0.20 m. Lime and silicate effects after 18 months were noticed down to 0.20 and 0.60 m, respectively. Correction sources have distinct solubility properties. Once silicate is more soluble than lime, dissociation rate is faster and may affect ion mobility down the profile. Soratto and Crusciol (2008a) fraction of these hydroxyl reacts with the excess of H + in solution, increasing the soil pH, and the remainder of these promotes the aluminum precipitation in Al(OH) 3 , which one is non-toxic to plants (Oliveira and Pavan, 1996) . After 6 months, Al 3+ levels were decreased by both materials from 0.05 to 0.10 m (Fig. 1) (Exley, 1998) . Silicate application increased Si levels down to 0.20 m after 6 months and in all soil depths after 12 and 18 months, corroborating CarvalhoPupatto et al. (2004) and Corrêa et al. (2007) . On the other hand, liming increased Si levels at the depth of 0.00-0.05 m after 12 and 18 months from the application. This result may be attributed to solubilization of silica compounds as pH increases or reduced capacity of Si bonds to colloid sorption sites, increasing its concentration in soil solution (Pulz et al., 2008) . Both sources increased P levels down to 0.05 m after 6 months from their application (Fig. 2) . Nevertheless, silicate additionally increased P levels deep from 0.05 to 0.20 m, differing from the control. After 12 months, P was increased by acidity correction in the 0.05-0.10-m depth, but only in the uppermost layer silicate was more efficient than lime. Only silicate effects persisted until the 18th month, increasing P levels from 0.05 to 0.10 m.
Besides hydroxyl concentration and ionic activity in soil solution, pH also increases Fe and Al precipitation. On the other hand, low-soluble P-Fe and P-Al precipitation are reduced. Also, negative charges are generated by OH − deprotonation and exposed by clays and organic matter. That way, phosphate is repelled by the adsorption surface (Mcbride, 1994) , releasing P into soil solution. That is why both materials for acidity correction are capable of increasing P availability. Nevertheless, better results of silicate application are attributed to the competition between Si and P for the same sorption sites of soil colloids, increasing P availability to plants (Pulz et al., 2008) . Those P sites are saturated or blocked by the silicate anion, improving efficiency of P fertilization. K + levels (Fig. 2) were not affected by the treatments in the first two evaluation times. However, both sources increased K + levels after 18 months, but only in the 0.05-0.10-m depth. Direct effects of soil correction on K levels in soil are still a controversial subject. Even so, Flora et al. (2007) reported better K availability after liming as a result of reduced leaching. According to the same authors, soil correction increases pH and negative charges in the uppermost soil layer, where K + ions are adsorbed. Acidity correction sources decrease K mobility proportionally to soil depth that is corrected (Flora et al., 2007) . Besides, K increase after 18 months may be related to ion leaching from plant tissues (Rosolem et al., 2007) , once soil correction increased dry matter production (Tables 1, 2 and 3) and accumulated more K in shoots. Silicate application increased Ca levels (Fig. 2) and differed from liming at depths of 0.10-0.20 and 0.00-0.05 m after 12 and 18 months, respectively. In both cases, liming was not statistically different from the control. In general, a leaching front of Ca was observed as time went by. After 6, 12 and 18 months from lime and silicate application, correction effects were found down to 0.10, 0.20 and 0.40 m, respectively, corroborating with Corrêa et al. (2007) and Soratto and Crusciol (2008a) .
Similarly to Ca, Mg levels were increased by soil correction down to 0.10 m after 6 months (Fig. 2) . Twelve months after the application, liming increased Mg levels only in the 0.20-0.40-m depth once ions had possibly been leached from superficial to deeper layers. Also, Mg levels in the control had been increased through nutrient cycling by soybean and white oat. Still considering this evaluation period, silicate increased Mg levels down to 0.40 m; this same effect was noticed after 18 months from the application of both correction sources, although silicate had increased Mg availability more efficiently than lime from 0.05 to 0.10 m.
Ca and Mg intense leaching may be related to formation of inorganic ionic pairs with It is important to mention that pH and base saturation variations as well as mobility of basic cations down the profile depend on the absence of acid cations in superficial soil layers, which are bound preferably. According to Rheinheimer et al. (2000) ) is hindered by their adsorption to variable negative charges increased by pH (Caires et al., 2006) . Therefore, mobility Table 3 Macronutrient (N, P, K, Ca, Mg, S and Si) levels, dry matter production, yield components (plant population, number of grains per ear, ear index and mass of 100 grains) and maize yield affected by superficial liming and silicate application under no tillage system. Botucatu-SP, Brazil, 2006 ) and chloride (Cl − ) from fertilizer mineralization or residue decomposition on soil surface (Rosolem et al., 2007) . Organic ionic pairs formed by soil cations and water-soluble compounds with low molecular weight (originated from residue decomposition through C_O\OH radicals) may also improve ion mobility down the profile (Franchini et al., 2003) .
Macronutrient levels in leaves (Table 1) were within the range considered appropriate for soybean development (Raij et al., 1997) . Only S levels were not affected by the treatments. Soil correction increased N, P, Ca, Mg and Si levels compared to the control, although silicate had been more efficient to increasing P and Si levels comparatively to lime. Both sources reduced K levels compared to the control. Caires et al. (2006) also reported N availability increased by soil correction. The authors explained that low soil acidity leads to increasing activity of nitrogen-fixing bacteria. Caires et al. (2006) reported reduced K levels in maize tissues and increased levels of Ca and Mg after superficial liming. The authors explained that the results based on competition among K, Ca and Mg.
A correlation between P and Si levels was found in soybean, similarly to soil results. According to Fig. 1 , higher pH is related to P uptake by crops (Mcbride, 1994) , increasing P levels after soil correction. P levels in leaves increased by silicate application may be associated to competition between silicate (H 3 SiO 4 − ) and phosphate (H 2 PO 4 − ) for the same sorption sites (Fig. 2) . Pulz et al. (2008) also observed higher P availability in soil and in potato plants after silicate application compared to lime. Barcelo et al. (1993) showed that high concentrations of Si reduce stress caused by high concentration of aluminum, limiting factor in crop development.
Superficial liming is known to positively influence Ca and Mg nutrition in soybean and maize cropped under consolidated no-till, once lime dissociation products also reach a large area explored by plant roots (Caires et al., 2006) . Dry matter production, yield components and grain yield were significantly influences by the treatments (Table 1) . Soil correction increased shoot dry matter, evaluated at flowering, compared to the control, although lime effects had been more accentuated than silicate. Soil correction improved soil fertility (Figs. 1 and 2 ) and thus plant nutrition, leading to better plant development (Table 1) . So, both liming and silicate application increased grain yield by 43.2% and 49.3% as a result of higher plant population, number of grains per pod and mass of 100 grains (Table 1) .
Similarly, Corrêa et al. (2008) studied superficial liming and silicate applied as slag and observed that both of them increased yield components individually and, consequently, soybean final yield.
Excepting K, macronutrient levels (Table 2) were within the appropriate range established by Raij et al. (1997) for white oat. Both correction sources increased N, Ca, Mg and Si levels compared to the control, although silicate effects had been more efficient in increasing N and Si than lime. Although P availability in soil had been increased by soil correction (Fig. 1) , levels in leaves were not influenced possibly due to residual effects of soybean fertilization. K levels did not vary, similarly to soil results. Caires et al. (2002) did not observe significant influence of superficial liming on wheat nutrition under no-till in Southern Brazil. In this experiment, N levels were increased by soil correction as a consequence of N accumulation and cycling by previous soybean cropping (Table 1) . Ca, Mg and Si results are related to higher levels in soil (Figs. 1 and 2) . Soratto and Crusciol (2008b) reported that liming increased Ca and reduced Mg levels in black oat leaves as Ca:Mg ratio was higher.
Treatments influenced white oat dry matter, yield components and grain yield (Table 2 ). Soil correction increased shoot dry matter compared to the control due to better N, Ca, Mg and Si nutrition (Table 2 ). Besides, it is possible that base leaching after soil correction (Fig. 1 ), especially Ca, had been favored root growth in deeper soil layers as well as water and nutrient uptake during drought periods (Caires et al., 2002; Soratto and Crusciol, 2008b) .
Few studies in literature emphasize the effects of liming on white oat yield components. Nevertheless, this research showed that both correction sources increased the number of panicles per area, grain-filled spikelets per panicle and, consequently, grain yield ( Table 2) . Weight of 1000 grains was not influeced by the treatments. Both liming and silicate application increased grain yield by 68.2% and 69.6%, respectively. Soratto and Crusciol (2008b) also reported that liming increased the number of panicles per m 2 , grain-filled spikelets per panicle and black oat final yield.
Nutrient levels in maize leaves (Table 3) were consistent with those cited by Raij et al. (1997) for appropriate plant development. The application of both materials increased N, Ca and Mg levels. Silicate application increased Si levels compared to the control, but not differing from liming. Maize was cropped between the evaluations conducted after 12 and 18 months from the application of correction sources. This period corresponded to better soil fertility conditions and reflected in higher dry matter production (Table 3) . Therefore, both lime and silicate increased the number of grains per ear and, consequently, final yield by 16.3% and 18.4%, respectively, compared to the control (Table 3) . Table 4 Macronutrient (N, P, K, Ca, Mg, S and Si) levels, dry matter production, yield components (plant population, number of pods per plant, number of grains per pod and mass of 100 grains) and bean yield affected by superficial liming and silicate application under no tillage system. Botucatu-SP, Brazil, 2006 Brazil, -2008 * and ** significant at a probability level of 5 and 1%, respectively by the F test; NS: non-significant. 1 Means followed by different letters in the column differ statistically by the t test (p b 0.05).
